The magnetization as a function of magnetic field showed hysteretic behavior at room temperature. According to the temperature dependence of the magnetization, the Curie temperature (TC ) is higher than 350 K. Ferromagnetic Mn-doped tin oxide thin films exhibited low electrical resistivity and high optical transmittance in the visible region (400-800 nm). The coexistence of ferromagnetism, high visible transparency and high electrical conductivity in the Mn-doped SnO2 films is expected to be a desirable trait for spintronics devices.
I. INTRODUCTION
Tin oxide is an attractive material for solar cells and gas sensing applications due to its high optical transparency (above 80% in the visible range of the electromagnetic spectra) and electrical conductivity (carrier concentration of the order of 10 20 cm −3 ) [1] [2] [3] [4] . Recently there is an increased interest to introduce magnetic functionality in tin oxide semiconductors due to their promising applications in spintronics [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The tin oxide semiconductor can be made ferromagnetic by doping with transition-metal (TM) ions. The first report of high Curie temperature ferromagnetism in tin oxide thin films was by Ogale et. al. [15] , who reported a Curie temperature T c = 650 K in pulsed laser deposited rutile (Sn 1−x Co x )O 2 thin films with x = 5-27%, and an amazingly giant magnetic moment of (7.5±0.5)µ B per Co ion. High Curie temperature ferromagnetism was latterly reported for (Sn 1−x N i x )O 2 with x = 5% [16, 17] , (Sn 1−x V x )O 2 with x = 7% [18] , (Sn 1−x Cr x )O 2 with x = 5% [19] , and (Sn 1−x F e x )O 2 with x = 14% [20] & x = 0.5-5% [21] . Gopinadhan et. al. [22] investigated (Sn 1−x M n x )O 2 (with x = 10%) thin films deposited by spray pyrolysis method and found ferromagnetic behavior above room temperature with low magnetic moment of 0.18±0.04 µ B per Mn ion. Fitzgerald et. al. [23] studied 5% Mn-doped SnO 2 bulk ceramic samples and reported a Curie temperature of T c = 340K with magnetic moment of 0.11 µ B per ordered Mn ion. On the contrary, Duan et. al. [24] reported an antiferromagnetic superexchange interaction in Mn-doped SnO 2 nanocrystalline powders and Kimura et. al. [25] observed paramagnetic behavior of Mn-doped SnO 2 thin films. Apart from this some other experiments were also carried out by various research groups on SnO 2 based dilute magnetic semiconductors (DMS) and reported interesting results regarding the absence or presence of ferromagnetism . DMS based on SnO 2 could be useful for a variety of applications requiring combined optical and magnetic functionality [51] . Several devices such as spin transistors, spin light-emitting diodes, very high-density nonvolatile semiconductor memory, and optical emitters with polarized output have been proposed using Sn 1−x (T M ) x O 2 materials [52] [53] [54] [55] . To investigate whether Mn is able to introduce thermodynamically stable high Curie temperature ferromagnetism in a o C for 15 mins. The addition of hydrochloric acid rendered the solution transparent, mostly, due to the breakdown of the intermediate polymer molecules. The transparent solution subsequently diluted with ethyl alcohol formed the precursor. To achieve Mn doping, (CH 3 COO) 2 M n.4H 2 O was dissolved in ethyl alcohol and added to the precursor solution. The amount of (CH 3 COO) 2 M n.4H 2 O to be added depends on the desired doping concentration. The doping concentration was varied from 0 to 15 at.%. The overall amount of spray solution in each case was made together 50 ml. The repeated experiments of each depo-sition showed that the films could be reproduced easily. Pyrex glass slides (10 mm × 10 mm), cleaned with organic solvents, were used as substrates for various studies. During deposition, the solution flow rate was maintained at 0.2 ml/min by the nebulizer (particle size 0.5-10 µm). The distance between the spray nozzle and the substrate as well as the spray time was maintained at 3.0 cm and 15 min, respectively.
Bulk samples with nominal composition Sn 1−x M n x O 2 (where x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) were synthesised by standard solid state reaction method. In the present investigation the bulk SnO 2 was synthesized by oxidizing the fine powder (50 mesh) of metallic tin (Sigma Aldrich purity > 99.99%) at 700 o C for 8 hrs in programmable temperature controlled SiC furnance. The appropriate ratio of the constituent oxides i.e. SnO 2 (as-synthesized) and M nO 2 (Sigma Aldrich purity > 99.99%) were throughly mixed and ground for several hours (4 to 6 hrs) with the help of mortar and pestle. After regrinding and mixing, the powder was kept in a alumina crucible and calcined at 750 o C. After calcination the material was again ground to subdivide any aggregated products and to further enhance chemical homogeneity. These steps were repeated 3 to 4 times for better homogeneity and phase purity. The homogeneous powder thus formed was converetd into form of pellets before sintering. For this we employed the most widely used technique i.e. dry pressing, which consists of filling a die with powder and pressing at 400 kg/cm 2 into a compacted disc shape. In this way several cylindrical pellets of 2 mm thickness and 10 mm in diameter were prepared. Finally these pellets were put into alumina crucibles and sintered at about 1200 o C in air for 16 hrs. The heating rate to the sintering temperature was about 100 o C/hour.
The gross structure and phase purity of thin films and bulk samples were examined by x-ray diffraction (XRD) technique using Bruker AXS (Model D8 Advanced, Germany) and Rigaku (Ultima IV, Japan) X-ray diffractometers. All the diffraction patterns were collected under a slow scan with a 0.01 o step size and a counting velocity of 0.5 o per minute. The experimental peak positions were compared with the data from the database Joint Committee on Powder Diffraction Standards (JCPDS) and Miller indices were assigned to these peaks. Hall measurements were conducted at room temperature to estimate the donor concentration (n), film resistivity (ρ) and carrier mobility (µ) by using the van der Pauw geometry employing Keithley's Hall effect card and switching the main frame system. A specially designed Hall probe on a printed circuit board (PCB) was used to fix the sample to the size 10 × 10 mm 2 . Silver paste was employed at the four contacts. The electrical resistivity and the sheet resistance of the samples were also determined using the four-point probe method with spring-loaded and equally spaced pins. The probe was connected to a Keithley voltmeter (2182A) & constant-current source (2400) system and direct current and voltage were measured by slightly touching the tips of the probe on the surface of the samples. Multiple reading of current and the corresponding voltage were recorded in order to get average values. Atomic Force Microscopy (AFM) was performed with Multi Mode SPM (Digital Instrument Nanoscope E) in AFM mode to examine the microstructural evolution of the samples. Transmission Electron Microscopy (TEM) measurements were carried out on a Tecnai 20 2 G microscope with an accelerating voltage of 200 kV. All the images were digitally recorded with a slow scan chargecoupled device camera (image size 688 × 516 pixels), and image processing was carried out using the digital micrograph software. The TEM data were used for the study of grain size distribution and the crystalline character of the prepared samples. These TEM micrographs were also used to identify secondary phases present, if any, in the Sn 1−x M n x O 2 matrix. Optical absorption and transmission measurements were performed at room temperature within a wavelength range of 300-1100 nm using a Cary 5000 UV-Vis spectrophotometer having spectral resolution of 0.05 nm in the UV-Vis range. As a reference, 100% baseline signals were displayed before each measurement. Magnetic measurements were carried out as a function of temperature (5 to 300 K) and magnetic field (0 to ±2 T) using a 'EverCool 7 Tesla' SQUID magnetometer. Measurements were carried out on small size samples placed in a clear plastic drinking straw. The data reported here were corrected for the background signal from the sample holder (clear plastic drinking straw) independent of magnetic field and temperature.
III. RESULTS AND DISCUSSION
A. Structural properties XRD patterns of Sn 1−x M n x O 2 (x = 0.000, 0.025, 0.050, 0.075, 0.100, 0.125 and 0.150) thin films are shown in Fig. 1 . It is evident that only the peaks corresponding to the rutile-type cassiterite phase of SnO 2 (space group P 4 2 /mnm) are detected with x up to 0.150. No additional reflection peaks related to impurities, such as unreacted manganese metal, oxides or any other tin manganese phases are detected. The lack of any impurity phases indicates that the Mn ion is incorporated well at the Sn lattice site. The lattice parameters (a and c) and cell volume (a 2 c) were estimated using the (110), (101) and (200) peaks of Sn 1−x M n x O 2 for different doping concentration (x) and their average values are plotted in Fig. 2 . The lattice parameters (a and c) and cell volume (a 2 c) decrease with the increase in Mn doping concentration and reaches a minimum at doping level of 12.5 at.% and for higher doping concentration (∼ 15 at.%) the same increases toward the value of pure SnO 2 . An inflexion point is discernable between x = 0.050 and 0.075 (see Fig. 2 ), which could be attributed to the difference between the effective ionic radius of M n 4+ (0.53 A, coordination number CN = 6) and high-spin M n (0.645Å, CN = 6), while both are smaller than that of Sn 4+ (0.69Å, CN = 6) ions, i.e., Mn element acts as M n 4+ upto x = 0.050 and as M n 3+ in the x = 0.075, 0.100 and 0.125 films. The slope ratio of the line between x = 0.075 and 0.125 to that between x = 0 and 0.050 for cell volume is 25%, which are comparable to the expected value of (r
M n ) = 28%, indicating the above interpretation is feasible. Above ∼ 12.5 at.%, the observed lattice expansion indicates interstitial incorporation of Mn dopant ions. Interstitial incorporation of Mn ions might cause significant changes and disorder in the SnO 2 structure as well as many dramatic changes in the properties of the film, discussed in the following sections.
It is clear from Fig. 3 that Mn substitution effects the intensity of SnO 2 peaks. The normalized intensity i.e. I 110 (Sn 1−x M n x O 2 )/I 110 (SnO 2 ) decreases with doping, attains a minimum for 12.5% doped sample, and afterwards increases. The intensity of the scattered x-ray is related to structure factor and this factor is determined by the presence of bound electrons in an atom. Since manganese has less bound electrons than tin, the substitution of tin by manganese in the tin oxide lattice should yield a structure factor, which is almost half the value for tin. If there is any change in the occupation site of man- ganese, i.e., substitutional (M n 3+ Sn ) to interstitial (M n i ), the same may be reflected as an increase in the structure factor.
In order to evaluate the effect of Mn doping on the average crystallite size and micro strain, the WilliamsonHall method [56, 57] was utilized by the equation
Where β is the integral breadth of the peak from the (hkl) plane, k is a constant equal to 0.94, λ is the wavelength of the radiation (1.5405Å for CuK α radiation), and θ is the peak position. The instrumental resolution in the scattering angle 2θ, β inst , was determined by means of a standard crystalline silicon sample and approximated by 
Finally, the integral breadth β without instrumental contribution was obtained according to the relation:
Eq. 1 represents the general form of a straight line y = mx + c. The plot between β cos θ and 4 sin θ gives a straight line having slope ε and intercept kλ/D. The values of crystallite size and micro-strain can be obtained from the inverse of intercept and the slope of the straight line, respectively. The Williamson-Hall plots for all the thin films are given in Fig. 4 and the results extracted from these plots are listed in Table I . The average particle size D decreases from ∼ 39 nm in pure SnO 2 to 26 nm in the sample with x=0.050. For higher doping concentration up to x=0.125, the particle size decreases further to ∼ 15 nm. This indicates that Mn incorporation hinders crystallite growth and the possible reason for this is the creation of Mn monolayer (Sn atoms are replaced by Mn atoms) on the surface of SnO 2 crystallite, which provides a barrier for surface diffussion and thus suppresses crystal growth [58] [59] [60] [61] [62] . In two-component materials, some of the constituents segregate to grain boundary, and lower the total Gibbs free energy [63] . The preferential orientation of the crystallites in the Sn 1−x M n x O 2 thin films was studied by calculating the texture coefficient C(hkl) of each XRD peak using the equation [64, 65] :
where C(hkl) is the texture coefficient of the plane (hkl), I(hkl) is the measured integral intensity, I o (hkl) is the JCPDS standard integral intensity for the corresponding powder diffraction peak (hkl), and N is the number of reflections observed in the x-ray diffraction pattern. C(hkl) is unity for each XRD peak in the case of a randomly oriented film and values of C(hkl) greater than unity indicate preferred orientation of the crystallites in that particular direction. The degree of preferred orientation σ of the film as a whole can be evaluated by estimating the standard deviation of all the calculated C(hkl) values [66] :
where C o (hkl) is the texture coefficient of the powder sample which is always unity. The zero value of σ indicates that the crystallites in the film are oriented randomly. The higher value of σ indicates that the crystallites in the film are oriented preferentially [66] . The texture coefficient C(hkl) of all the XRD peaks along with the value of σ for each Sn 1−x M n x O 2 film is given in Ta- ble I. It can be seen that the plane (200) has a high texture coefficient for all the films. The degree of preferred orientation σ of the doped film is greater than that of pure SnO 2 film. However, it should be highlighted that none of the films possess a significant preferential orientation since the value of σ is less than unity for all the films.
XRD patterns of Sn 1−x M n x O 2 (x = 0.00, 0.01, 0.02, 0.03, 0.04 and 0.05) bulk samples are shown in Fig. 5 . The analysis of x-ray diffraction patterns reveals that all the bulk samples have a rutile-type cassiterite (tetragonal) phase of SnO 2 , and the doping does not change the tetragonal structure (JCPDS # 01-071-0652) of SnO 2 . Furthermore, we could not find any diffraction peak corresponding to any impurity phase, such as unreacted Sn, Mn or other oxide phases, within the limit of instrumental sensitivity. We have calculated the lattice parameters using high angle XRD lines such as (301), (202) and (321) shown in Fig. 5 . The determination of lattice constants of Mn doped SnO 2 bulk samples shows that on increasing the Mn concentration from 0 to 5 at.%, the unit cell volume continuously reduces from its value for undoped SnO 2 samples as shown in Table II effect of Mn doping on cell volume of bulk samples is opposite to that of thin films (Fig. 6 ). The slope ratio of the line between x = 0.00 and 0.03 to that between x = 0.04 and 0.05 for lattice volume is 23%, which are comparable to the expected value of (r
indicating Mn element acts as M n
3+ upto x = 0.003 and as M n 4+ in the x = 0.04 and 0.05 samples at room temperature.
Crystallite size of strain free Sn 1−x M n x O 2 bulk samples was calculated from x-ray diffraction data using the Debye-Scherrer formula:
where λ is the x-ray wavelength (1.5405Å for CuK α ), θ is the Bragg angle and β is the full width of the diffraction line at half its maximum intensity (FWHM) 
B. Microstructural properties
In order to explore the effect of Mn doping on the microstructural characteristics in Sn 1−x M n x O 2 thin films, transmission electron microscopy was employed in imaging and diffraction modes. The transmission electron micrographs and the corresponding selected area electron diffraction (SAED) patterns for Sn 1−x M n x O 2 (x = 0.000, 0.025, 0.050, 0.075, 0.100 and 0.125) thin films are shown in Fig. 7 . These TEM micrographs and SAED patterns have been analyzed using the IMAGE-J software. The TEM images of the Sn 1−x M n x O 2 (x = 0.000, 0.025, 0.050, 0.075, 0.100 and 0.125) films show the presence of interconnected nono-sized spheroidal grains. The (101), (211) and (301) planes of the rutile crystalline structure of SnO 2 . The electron diffraction pattern has been examined carefully for rings and spots of secondary phases, and it has been found that all the rings and spots belong to the tetragonal rutile structure of SnO 2 only. We have observed that there is no formation of any structural core-shell system. AFM in tapping mode has been used to investigate the surface features of two bulk samples of different composition. The AFM images of SnO 2 and Sn 0.95 M n 0.05 O 2 bulk samples are shown in Fig. 8 . The size that is estimated from the few spherical grains is about 102 nm and 128 nm for x = 0.000 and 0.05, respectively. This is slightly larger than that obtained from XRD measurements.
C. Electrical properties
Transport properties (resistivity, carrier density, and mobility) of pure and Mn-doped SnO 2 films were measured by Hall effect measurements using van der Pauw geometry. The room temperature results are presented for all measured films in Table III . The as-deposited SnO 2 films show the best combination of electrical properties as follows: resistivity (ρ) of 1.90 × 10 −3 Ω cm, carrier concentration (n) of 2.704 × 10 20 cm −3 , and mobility (µ) of 12.165 cm 2 V −1 s −1 . It has long been thought that native defects such as oxygen vacancy V O and tin interstitial Sn i are responsible for the observed n-type conductivity [67] . First principle calculations have provided evidence that usual suspects such as oxygen vacancy V O and tin interstitial Sn i are actually not responsible for n-type conductivity in majority of the cases [68] [69] [70] [71] . These calculations indicate that the oxygen vacancies are a deep donor, whereas tin interstitials are too mobile to be stable at room temperature [68, 70] . Recent first principle calculations have drawn attention on the role of donor impurities in unintentional n-type conductivity [68] [69] [70] [71] [72] [73] [74] [75] . Hydrogen is indeed a especially ambidextrous impurity in this respect, since it is extremely difficult to detect experimentally [68] [69] [70] [71] . By means of density functional calculations it has been shown that hydrogen can substitute on an oxygen site and has a low formation energy and act as a shallow donor [68] [69] [70] [71] . Hydrogen is by no means the only possible shallow donor impurity in tin oxide, but it is a very likely candidate for an impurity that can be unintentionally incorporated and can explain observed unintentional n-type conductivity [71] . Several groups have reported on the incorporation of hydrogen in tin oxide and many have claimed that hydrogen substitutes for oxygen [68] [69] [70] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] .
The effect of Mn doping on the carrier concentration (n), resistivity (ρ) and Hall mobility (µ) of the SnO 2 films are shown in Table III . For the dopant concentration of 12.5 at.% of Mn in SnO 2 the sheet resistance and resistivity is found maximum with the values of 1.73 × 10
2 Ω/sq. and 1.37 × 10 −2 Ω cm, respectively. It is apparent from the Table III that the carrier concentration and the mobility of the films show a consistent decrease with increase in Mn doping concentration (up to 12.5 at%). Regarding electrical resistivity; although the undoped films show minimum resistivity, the resistivity of the doped film is still not too high compared to the reported values. The increase of the resistivity was mainly due to the decrease of the mobility. Beyond 5 at.% of Mn doping, another reason for increasing resistivity is attributed to the fact that M n 3+ ions are substituted into Sn 4+ sites and act as an acceptor in SnO 2 lattice. This trend is accompanied by decrease of carrier concentration because of the presence of carrier traps.
The temperature dependence of electrical resistivity in the range o C indicates that the pure and Mn doped 
FIG. 7. Transmission electron micrographs [(a), (c), (e), (g), (i) and (k)] of the
where m * is the reduce effective mass and n is the electron concentration. The degeneracy temperature of all investigated films is clearly listed in Table III . It can be seen that T D of Sn 1−x M n x O 2 (x = 0.000, 0.025, 0.050, 0.075, 0.100, 0.125 and 0.150) thin films are well above room temperature.
We have tried to identify the main scattering mechanisms that influence the mobility of pure SnO 2 films. There are many scattering mechanisms such as grainboundary scattering, surface scattering, interface scattering, domain scattering, phonon scattering (lattice vibration), neutral, and ionized impurity scattering which may influence the mobility of the films [93, 94] . The interaction between the scattering centres and the carriers determines the actual value of the mobility of the carriers in the thin films. In the interpretation of the mobility obtained for pure SnO 2 films, one has to deal with the problem of mixed scattering of carriers. To solve this problem, one has to identify the main scattering mechanism and then determine their contributions. The pure SnO 2 films prepared here are polycrystalline. They are composed of grains joined together by grain boundaries, which are transitional regions between different orientations of neighboring grains. These boundaries between grains play a significant role in the scattering of charge carriers in polycrystalline thin films. The grain boundary scattering has an effect on the total mobility only if the grain size is approximately of the same order as the mean free path of the charge carriers (D ∼ λ). The mean free path for the degenerate thin films can be calculated from known mobility (µ) and carrier concentration (n) using the following expression [92, 94] :
The mean free path value calculated for the pure SnO 2 film is 1.604 nm which is considerable shorter than crystallite size (D ∼ 38 nm) estimated using TEM micrograph. Moreover, the effect of crystallite interfaces is weaker in semiconductors, with n ≥ 10 20 cm −3 , observed here, as a consequence of the narrower depletion layer width at the interface between two grains [95] . Based on above discussion it is concluded that grain boundary scattering is not a dominant mechanism.
The mobility of the free carrier is not affected by surface scattering unless the mean free path is comparable to the film thickness [96] . Mean free path value calculated for the pure SnO 2 film is 1.604 nm, which is much smaller than the film thickness (∼ 730 nm). Hence, surface scattering can be ruled out as the primary mechanism. Scattering by acoustical phonons [97] apparently plays a subordinate role in the pure SnO 2 films because no remarkable temperature dependence have been observed between 30 and 200 o C. Moreover, neutral impurity scattering can be neglected because the neutral defect concentration is negligible in the pure SnO 2 films [92, 94] . Electron-electron scattering, as suggested to be important in Ref. 94 , can also be neglected as it does not change the total electron momentum and thus not the mobility. In high crystalline SnO 2 films, scattering by dislocations and precipitation is expected to be of little importance [98] .
Another scattering mechanism popular in unintentionally doped semiconductors is the ionized impurity scattering. According to the Brooks-Herring formula [99] , the relaxation time for coupling to ionized impurities is in the degenerate case, given by
with N i the carrier concentration of ionized impurities and f(x) given by
The screening radius R S is given by
where r is the relative dielectric permittivity and m * is the effective mass of the carriers. The mobility (µ) is defined as
Substitution of the τ i expression [Eq. (8)] in Eq. (12) yields the expression for mobility due to ionized impurities as
Since all the H + O defects present in the pure SnO 2 films will be fully ionized at room temperature, impurity ion concentration will be equal to the free carrier concentration. Thus taking N i = n, m * = 0.31m, r = 13.5 [100] and using Eq. (6) in Eq. (13) we get simplified form as
with
The calculated mobility and measured mobility values for pure SnO 2 thin films are 10.394 and 12.165 cm 2 V −1 s −1 , respectively, both are comparable to each other. This clearly indicates that the main scattering mechanism reducing the intra-grain mobility of the electrons in pure SnO 2 films is the ionized impurity scattering. Ionized impurity scattering with singly ionized H + O donors best describes the mobility of pure SnO 2 thin films. This finding supports our assumption that H + O defect is source of conductivity in pure SnO 2 film.
D. Optical properties
The variation of the optical absorption coefficient (α) with photon energy hν was obtained using the absorbance data for various films. The absorption coefficient α may be written in terms of optical band gap E g and incident photon energy hν as follows [101] : where A is a constant which is different for different transitions indicated by different values of superscript n, and E g is the corresponding band gap. For direct transitions n = 1/2 or n = 2/3, while for indirect ones n = 2 or 3, depending on whether they are allowed or forbidden, respectively. The band gap can be deduced from a plot of (αhν) 2 versus photon energy (hν). Better linearity of these plots suggests that the films have direct band transition. The extrapolation of the linear portion of the (αhν) 2 vs. hν plot to α = 0 will give the band gap value of the films [102] . Fig. 9 shows such plots for all the thin films and the linear fits obtained for these plots are also depicted in the same figure.
With increasing Mn concentrations, the optical bandgap of the compounds shows a redshift compared to the host oxide SnO 2 . We obtained the band gap to be 3.70 eV for pure SnO 2 and it starts decreasing for 5 at%, 7.5 at% and 12.5 at% of Mn doped SnO 2 films as 3.66 eV, 3.60 eV and 3.55 eV, respectively. The decrease in bandgap for increasing Mn content is attributed to the strong exchange interactions between sp carriers of host SnO 2 and localized d electrons of Mn dopant [103] .
The optical transmittance spectra of uncoated glass substrate and Mn-SnO 2 ([Mn]/[Sn] = 0.0, 5.0, 7.5, 12.5 at.%) thin films as a function of wavelength ranging from 300 to 1100 nm is shown in Fig. 10 . The transmittance exhibits interference in the visible range. Normally, fringes appear in the transmittance spectra due to the interference of the light, reflected between airfilm and film-substrate interfaces. But, if the thickness is not uniform or slightly tapered then interference fringes may disappear from the transmission curve. The average transmittance of the Mn-doped SnO 2 films ranges from 50% to 65%. The thickness of as deposited films is approximately 700 nm, which is higher compared to the reported film thickness; this higher thickness affects the optical transmission. In the visible region, the average transmittance for the pure SnO 2 film is of ∼ 60%, which is decreased upto ∼ 48% on addition of 12.5 at.% of Mn. This relatively large absorption in Sn 1−x M n x O 2 (x = 0.075, 0.125) films may be the result of mixed valence of Mn (M n 4+ /M n 3+ ). The presence of the M n 3+ and M n 4+ produces colour centres due to unpaired electrons in the d orbital that causes intense and deep coloration. Furthermore, the sharp decrease in transmittance at the shorter wavelength is as a result of the inter-band transition.
The thickness of Sn 1−x M n x O 2 films can be calculated from transmittance data using the method proposed by Swanepoel [104] . The applicability of this method is limited to thin films deposited on transparent substrates much thicker than the thin film, conditions met in this study. The application of this method entails, as a first step, the calculation of the maximum T M (λ) and minimum T m (λ) transmittance envelope curves by parabolic interpolation to the experimentally determined positions of peaks and valleys.
From T M (λ) and T m (λ), the refractive index of the film n(λ) in the spectral domain of the medium and strong transmission can then be calculated by the expression [104] :
with s being the refractive index of the substrate. In general, s is evaluated from the transmittance spectrum T r a n s m i t t a n c e
T r a n s m i t t a n c e of the bare substrate by the expression:
where T s is the substrate transmittance, which is almost a constant in the transparent zone (λ > 400 nm). The values of the refractive index n(λ) in the λ = 350-1000 nm range, as calculated from Eq. (17) are shown in Table  IV . If n(λ 1 ) and n(λ 2 ) are the refractive indices calculated from two consecutive maxima or minima corresponds to two wavelengths of λ 1 and λ 2 , then the thickness of the film d can be obtained from [104] :
The values of thickness d of the studied films determined by this equation are listed as d pre in Table IV. Practically, there will be errors in the determination of extreme positions and the corresponding values of T M (λ) and T m (λ). Therefore, the preliminary values of the Since SnO 2 is an intrinsic n-type semiconductor and Mn acts as M n 3+ in Sn 1−x M n x O 2 with x = 0.075, 0.100 and 0.125, according to our analysis on the lattice parameters and Hall measurement data, holes would be introduced by the M n 3+ replacing Sn 4+ , which would annihilate part of the intrinsic n-type carriers and decrease the density of carriers. Differently, for the thin films with x = 0.025 and 0.050, Mn acts as M n 4+ , thus no n-type carriers were annihilated by the isovalent ion substitution in principle. Therefore, as the doped Mn content increases (from 5% to 7.5%), the carrier density and accordingly the carrier mediated ferromagnetic RudermanKittel-Kasuya-Yosida (RKKY) interaction decrease. According to RKKY theory, the observed magnetic properties are due to the exchange interaction between local spin-polarized electrons (such as the localized inner dshell electrons of M n 3+ and M n 4+ ions) and conduction electrons. The conduction electrons are regarded as a me- Field-dependent magnetization of the Sn0.97M n0.03O2 bulk sample measured at 5K.
the observed RTFM in the Sn 1−x M n x O 2 system. Another plausible mechanism, which has been proposed by Park et. al. [105] to explain the ferromagnetism in DMS is an H For the Sn 0.975 M n 0.025 O 2 film, the M-H curve at 5 K differed by less than 19% from those measured at room temperature (300 K), from which we guess that the Curie temperature (T C ) of Sn 0.975 M n 0.025 O 2 sample is well above room temperature. But for the Sn 0.950 M n 0.050 O 2 , Sn 0.925 M n 0.075 O 2 and Sn 0.875 M n 0.125 O 2 films, the M-H curves at 5 K differed by 22%, 39% and 50% from those measured at room temperature, respectively. This clearly indicates that the Curie temperatures of films are decreasing on increasing Mn doping. We also recorded the M vs T curves of these samples in a field of 0.5 T. 5 at.%, the films exhibited diamagnetic behavior. The absence of ferromagnetism for x = 0.150 is due to the possibility that now less Mn ions are incorporated in the SnO 2 lattice, as evidenced from the Hall and structural measurements, thus causing the ferromagnetism to dissappear. Magnetic measurements carried out on the pure SnO 2 films showed the expected diamagnetism with a negative magnetic susceptibility. The diamagnetic background of the pure SnO 2 film and substrate has been subtracted from all of the magnetization data shown here. Here, it is worthwhile mentioning that our magnetic measurements carried out on the bulk Sn 1−x M n x O 2 showed the expected diamagnetism with a negative magnetic susceptibility (see Fig. 15 ). The defects and free-carrier density are the important factors for ferromagnetism in Mn doped SnO 2 . In the present case, ferromagnetism in bulk samples has not been observed because of the large formation energy of defects in bulk.
The presence of room temperature ferromagnetism in Sn 1−x M n x O 2 (x = 0.000 to 0.125) films cannot be due to the existence of secondary phases. Because the metallic manganese and almost all of the possible manganesebased binary and ternary oxide phases (MnO, M nO 2 and M n 2 O 3 ) are antiferromagnetic with Neel temperature that is much less than 300 K. However, SnM n 2 O 4 and M n 3 O 4 phases are exceptions; they are ferromagnetic with Curie temperatures of 46 K and 53 K, respectively [106] [107] [108] . In the present work, the electron and xray diffraction analyses have not revealed any manganese oxide phases, although x-ray diffraction technique is not sensitive enough to detect secondary phases, if present at a very minute level. Even if these ferromagnetic SnM n 2 O 4 and M n 3 O 4 phases are present, these cannot responsible for the ferromagnetic behavior appeared at room temperature in Sn 1−x M n x O 2 thin films.
IV. CONCLUSIONS
Highly conducting Mn-doped tin oxide thin films were successfully deposited by spray pyrolysis technique on glass substrates at 450 o C. The analysis of X-ray diffraction patterns reveals that all Mn-doped tin oxide thin films are pure crystalline with tetragonal rutile phase of tin oxide which belongs to the space group P4 2 /mnm (number 136). The Williamson-Hall (W-H) method has been used to evaluate the crystallite size and the microstrain of all the thin films. The average crystallite size of Sn 1−x M n x O 2 (x = 0.000, 0.025, 0.050, 0.075, 0.100 and 0.125) nanoparticles estimated from W-H analysis and TEM analysis is highly inter-correlated. Typical TEM micrographs of Sn 1−x M n x O 2 (x = 0.000, 0.025, 0.050, 0.075, 0.100 and 0.125) thin films show well isolated spherical shaped crystallites. Electron diffraction patterns taken from several crystallites confirm the SnO 2 structure in Sn 1−x M n x O 2 (x = 0.000, 0.025, 0.050, 0.075, 0.100 and 0.125) thin films and no evidence for secondary phases are observed. Electrical measurement shows that Mn-doped tin oxide thin films are in conducting state. The results of electrical measurements suggest that H + O defects in Mn-doped SnO 2 thin films are responsible for the conductivity. Through electrical investigation it has also been found that the main scattering mechanism reducing the intra-grain mobility of the electrons in as-deposited SnO 2 thin films is the ionized impurity scattering. Ionized impurity scattering with singly ionized H + O donor best describes the mobility of as-deposited SnO 2 thin films. The optical band gap (E g ) of the Mn-doped tin oxide thin films has been determined from the spectral dependence of the absorption coefficient α by the application of conventional extrapolation method (Tauc plot). With increasing Mn concentrations, the optical bandgap of the compounds shows a redshift compared to the host oxide SnO 2 . The decrease in bandgap for increasing Mn content is attributed to the strong exchange interactions between sp carriers of host SnO 2 and localized d electrons of Mn dopant. The average transmittance of the Mn-doped SnO 2 films ranges from 50% to 65% (substrate transmittance ∼ 71%). The magnetization as a function of magnetic field showed hysteretic behavior at room temperature. According to the temperature dependence of the magnetization, the Curie temperature is higher than 350 K. Ferromagnetic thin films of Mn-doped SnO 2 exhibited low electrical resistivity and high optical transmittance in the visible region. No evidence of any impurity phases are detected in Sn 1−x M n x O 2 (x = 0.000, 0.025, 0.050, 0.075, 0.100 and 0.125) films suggesting that the emerging ferromagnetism in this system is most likely related to the properties of host SnO 2 system.
